Plant growth is affected by soil properties that can be improved through addition of amendments and other management practices. Use of gypsum as a soil amendment for improving agricultural yields, and soil and water quality is increasing, but knowledge is lacking on how it affects the soil's chemical properties and plant growth. This greenhouse study measured changes in soil chemistry, growth and nutrient uptake response of ryegrass (Lolium perenne) grown in two contrasting soil types amended with crop residues, glucose, and gypsum. The soil chemical properties, biomass yield, and elemental composition of ryegrass shoots and roots were evaluated. Residue addition significantly increased total soil N and pH, and glucose significantly lowered soil pH. Gypsum significantly increased pH in the 25-40 cm layer only and exchangeable Ca in all layers, and decreased Bray P-1 in the surface layer by 40%. No significant effects were observed in above-ground ryegrass biomass with addition of inputs. Compared to the untreated soil, gypsum increased Ca and S uptake by 50 and 259%, respectively, in the last harvest and Ca, S and Mo in roots by 77, 175, and 18%. Addition of residues and gypsum improved soil chemical properties, nutrient availability, and uptake, but not ryegrass yield.
Introduction
To meet the sustainable demand for food, fuel, and fiber for the world's growing human population, it is important to increase the area under production or increase the productivity of agricultural soils. Rapid depletion in soil fertility is often the primary reason for the decline in crop production. Sustainability of soil and crop production is a function of soil physical, chemical, and biological properties. Small changes in these properties can cause large impacts on crop growth and development, and thus crop yields. To maintain or improve soil properties for continuous long-term agricultural production, it is important to add inputs or soil amendments.
Organic amendments, such as crop residues, are viable means of improving the productivity of soils (Ogbodo, 2011) . However, this requires judicious use of these materials to enhance productivity without compromising long-term sustainability. Agricultural production generates a large amount of crop residues.
Crop residues are a valuable source of organic matter for most agricultural soils, and contain both macronutrients (e.g., N, P, K, S, and Ca) and micronutrients (e.g., Fe, Zn, Mg, and Mn) essential for plant growth and development. Crop residues returned to the soil improve soil quality and productivity through favorable effects on soil properties such as plant available water holding capacity, cation exchange capacity, and the stimulation of beneficial microorganisms (Saroa and Lal, 2003) .
Soil organic carbon (SOC) concentrations in soil depend on the amounts of residue applied to soil, their chemical composition, and decomposition rate (Martens, 2000b) . As the amounts of residue applied to soil increased, soil organic matter and N were increased significantly in the top 15 cm soil layer after four wheat-fallow cycles (Black, 1973) . NaHCO 3 -soluble P was also increased, and this increase was independent of P fertilization. Exchangeable K was increased as the residue level increased following one year of fallow in Montana (Black, 1973) .
Glucose is an organic material that decomposes quickly. It can improve soil physical properties such as aggregation, and biological properties such as microbial biomass carbon, enzyme activities, and microbial growth (Amato and Ladd, 1992) . In contrast, crop residues degrade much more slowly and stimulate microbial activity, at least in the short term, to a lesser degree than glucose. Thus, the choice of these two organic materials spans the range of most types of organic amendments expected to be applied to soil.
Gypsum is often used as a soil amendment. Application of gypsum (calcium sulfate dihydrate, CaSO 4 •2H 2 O) to agricultural soils has been practiced for more than 250 years, and is one of the earliest forms of fertilizers used in the United States (Chen and Dick, 2011) . The Clean Air Act Amendments of 1990 mandated that electricity-producing utilities install systems for removal of flue gases (e.g. SO 2 ) that are generated during the burning of coal. The initial reaction that occurs during SO 2 removal is the formation of calcium sulfite, which upon forced oxidation results in a high purity synthetic gypsum product known as flue gas desulfurization (FGD) gypsum.
This product is available for drywall manufacturing or for agricultural applications. A total of about 34 million tons of FGD gypsum was produced by utilities (American Coal Ash Association, 2016).
Gypsum is moderately soluble in water (solubility 2.5 g L -1
) and this allows the release of Ca 2+ and SO 4 2-into the soil solution. Gypsum is thus a good source of both calcium and sulfur, two essential macro-elements needed for plant nutrition (Shainberg et al., 1989) . Gypsum has also been used to improve alkaline and saline soils and is one of the most widespread amendments in amelioration of alkali soils (Dick et al., 2006; Shainberg et al., 1989) . Other chemical properties improved by gypsum include the amelioration of subsoil acidity and aluminum toxicity (Sumner, 1993; Farina et al., 2000b) .
Because FGD gypsum, like other sources of gypsum, has the potential to improve soil fertility and quality, it can also increase agricultural productivity (Dick et al., 2006; Batool et al., 2015) . Syed-Omar and Sumner (1991) observed that gypsum amendment at 2 t ha -1 reduced topsoil exchangeable Mg and K in Georgia and also increased the yields of alfalfa and sorghum. Yield of both crops, however, were adversely affected above an application rate of 5 t ha
Gypsum is readily available throughout the world as a by-product of flue gas scrubbing. It is also mined in 80
countries. The United States is the production leader and accounts for 15% of the total world output (Lindau et al., 1998) . Moreover, enormous amounts of crop residues are also produced annually by agriculture in United States and reapplied back to the land. Research is needed to evaluate their combined impact on plant growth and also soil chemistry as it is a practice that is becoming more prevalent. In this study, we also treated the soil with glucose to evaluate the interaction of a rapidly available C source with gypsum, in contrast to the more slowly released C from plant residues.
Specifically, the objectives of this study were to evaluate the effect of treatments (corn residue, glucose and gypsum), on soil chemical properties and on nutrient concentrations and yield of above and below ground biomass of perennial ryegrass (Lolium perenne) grown in two soils of Ohio.
Material and Methods

Experimental setup
A greenhouse experiment was conducted at The Ohio Each soil was screened through a 2-mm sieve and then mixed thoroughly before selected soil properties were measured (Table 1) . Soil pH was measured using a 1:1 ratio of soil to deionized water (Watson and Brown, 1998) , soil texture by the hydrometer method (Day, 1965) , total C and N using high temperature combustion (Nelson and Sommers, 1996) , Bray P-1 by the method of Frank et al. (1998) , and exchangeable bases (Ca, K, and Mg) by extraction with 1 M NH 4 OAC (Warncke and Brown, 1998) . The materials applied as soil treatments were crop (corn) residues, gypsum, and glucose. Corn residues were collected from the field and dried in an oven at 60 °C before being ground to pass a 2 mm mesh sieve.
Glucose and gypsum were obtained from Fisher Scientific. The materials were analyzed for total C and N (high temperature combustion) using a VARIO Max C-N analyzer. Total P, Ca, K, Fe, Mg, Mo, Na, B, S, and Zn concentrations ( ). The corn residues were mixed into the soil at the time the columns were filled with soil. The gypsum was applied in four equal applications. The first application of 6.7 Mg ha -1 was at the time the columns were filled with soil. The second, third and fourth applications of gypsum were applied one, three and five months after ryegrass was sown.
Similarly, glucose was initially applied at a rate of 2.25
Mg ha -1 at the time the soil columns were filled and then a second equal application was made three months after ryegrass was sown. There were four replicates of each soil. This treatment/combination yielded a total of 96 experimental units. The experiment was a complete block factorial design.
An experimental timeline providing a complete description of all measurements made during the experiment is provided in Figure 2 . This paper reports measurements of plant growth and soil chemistry data. The soil columns were seeded in September with perennial ryegrass at the rate of 27 kg ha -1 . Perennial ryegrass (Lolium perenne) was selected due to its rapid growth and fibrous root system. Due to poor stand establishment, the columns were reseeded in November and were allowed to grow before the first above ground biomass harvest was completed in December. Fertilizers N, P and K were applied at rates of 168, 25, and 75 kg ha -1 . Phosphorus (single super phosphate) and potassium (muriate of potash) were applied at planting and nitrogen (urea) was applied in three equal doses (56 kg ha -1 each) two, three, and four months after planting. The seed and fertilizers rates were chosen based upon NRCS-Ohio recommendations for grasses grown in Ohio.
The temperature in the greenhouse was maintained at 22 °C/ 18 °C (day/night) throughout the experiment period. A total of five above-ground ryegrass biomass harvests were made 30, 45, 60, 105 and 210 days after the ryegrass was planted. All harvests were oven-dried at 60 °C for five days and weighed.
The root mass was also recovered from each soil column at the end of experiment, washed, and then ovendried at 60 °C for five days. The first and last aboveground biomass harvests and roots of ryegrass were ground to pass through a 2-mm mesh screen and then analyzed for nutrient concentration. Parameters measured were total C and N (high temperature combustion using a VARIO Max C-N analyzer) and P, K, Ca, Mg, S, Al, B, Cu, Fe, Mn, Mo, Na and Zn concentrations by perchloric acid digestion followed by inductively coupled plasma (ICP) emissions spectrometry.
Analyses were performed at the STAR Laboratory.
Soil sampling
Soil materials were collected at the end of the experiment i.e. almost one year after addition of amendments in soil, by cutting the soil columns into five sections representing soil layers of 0-2, 2-4, 4-10, 10-25 and 25-40 cm. The soil samples were air-dried and sieved by hand through a 2-mm screen. Chemical parameters measured included total N, P, K, Ca, Mg, pH. bustion (N) using a VarioMax C-N analyzer, soil pH (1:1 soil to deionized water ratio) (Watson and Brown, 1998) , Bray P-1 for P (Frank et al., 1998) , and exchangeable K + , Ca 2+ and Mg 2+ using 1M
NH 4 OAc as extractant (Warncke and Brown, 1998) .
Cation exchange capacity (cmol(+)/kg) was calculated by a summation of the exchangeable K + , Ca
2+
and Mg 2+ analyzed in the dried soil after leaching was completed.
Statistical analysis
Data was analyzed using the general linear model (GLM) with Tukey's multiple comparisons (Minitab Inc., 2007) . Means were separated using the ANOVA when the F-test for treatment was significant. Statistical significance was evaluated at p ≤ 0.10. Factors in the ANOVA model were glucose, gypsum, residue, soil, and glucose interaction with gypsum, glucose interaction with residue, glucose interaction with soil. Table 3 . Probability values of various interactions on soil total N, pH, Bray P-1, exchangeable Ca, and Mg and cation exchange capacity (CEC).
a
Bold P values showed significant at P<0.10. Walia et al.
Result
Soil chemical properties
Total Interaction of gypsum with soil type was significant for total N for the 0-2 and 4-10 cm soil layers (Table 3) .
Total N was significantly higher in Hoytville soil than
Wooster soil and addition of gypsum to Wooster soil reduced total N content significantly in both soil layers.
Interaction of gypsum with residue was significant for the 4-10 and 10-25 cm soil layers (Table 3) . Addition of residue alone resulted in significantly higher N content in both soil layers as compared to gypsum alone and the untreated control only in the 10-25 cm soil layer. However, in the 4-10 cm soil layer, the combined application of gypsum along with residue resulted in significantly lower soil total N than residue alone, but significantly higher soil total N than gypsum alone.
Soil pH ranged from 6.12-6.68. In general, soil pH in- The interaction of residue with gypsum on soil pH was significant for only 2 soil layers, i.e. the 0-2 and 2-4 cm layers (Table 3 ). The addition of residue and gypsum alone or in combination increased soil pH significantly as compared to the control. The glucose by gypsum interaction was significant for all soil layers except the 0-2 cm layer ( Table 3) . Addition of glucose alone reduced soil pH significantly as compared to all other treatments in the 10-25 and 25-40 cm soil layers, while in the 4-10 cm soil layer, pH was lowered significantly with glucose alone compared to the control.
Soil chemistry and nutrient concentrations in perennial ryegrass as influenced by gypsum
Interaction of glucose with soil types for soil pH was significant (P<0.10) for all soil layers (Table 3) Addition of glucose decreased Bray P-1 levels in soil significantly in the 25-40 cm soil layer (by 15%) compared to the control (P<0.10). Addition of gypsum generally reduced Bray P-1 but was significant (P<0.10, 40% reduction) only in the surface (0-2 cm) layer.
The interaction of residue and glucose with soil types were significant below 4 cm (P<0.10) ( Table 3 ). Residue addition increased and glucose addition decreased The interaction of glucose with soil type for Mg was significant for the 4-10 cm soil layer (P<0.10 and Table 1) .
Interaction of residue with glucose was significant.
Addition of residue with glucose increased extractable basic cations significantly compared to residue alone in the 10-25 cm soil layer. Interaction of gypsum with soil types was significant for different soil layers i.e. 0-2, 4-10 and 10-25 cm (Table 3) . Addition of gypsum increased extractable basic cations significantly in both soils in the0-2 soil layer. However in lower soil layers (i.e. 4-10, 10-25 cm layers), the increase in extractable basic cations with gypsum was significant only in the Hoytville soil.
Yield and nutrient concentrations of ryegrass biomass
Cumulative above-ground yield of ryegrass was not significantly affected by addition of residue, glucose, and gypsum. The average above-ground biomass across all treatments was 34.9 g pot -1
. There was a significant difference in cumulative above-ground yield due to soil type (P<0.10). Ryegrass yield in the Hoyt- ).
The first and last (fifth) harvest of aboveground biomass and the roots of ryegrass were analyzed for total C, total N, P, K, Ca, Mg, S, Al, B, Cu, Fe, Mn, Mo, Na, and Zn concentrations. In the first harvest (Table   4) , concentrations of N, Mg, and S decreased (P<0.10) with the addition of glucose by 7.5, 7.8 and 4.3 %, respectively. No significant effects of glucose were observed on concentrations of micronutrients in the first harvest except for Mn (21% increase) (Table 4) , or in concentrations of macronutrients in the last aboveground harvest (Table 4 ). In the last above-ground harvest, glucose addition increased Mo 21% (Table 4 ).
All of these values were significantly different from the control (P<0.10). Moreover, significant differences were observed between the various nutrient concentrations of above-and below-ground biomass harvests of ryegrass grown in two soil types (Tables 4 and 5 ).
There were no significant effects of residue addition on nutrient concentrations neither in above-ground biomass harvest nor in roots. (Table 4) . Meriño-Gergichevich et al. (2015) also found that gypsum is used to alleviate Al from soil. For roots (i.e. below-ground biomass), addition of gypsum significantly increased Ca by 77% and S by 175% (Table 5) .
Also in roots, gypsum addition increased Mo significantly by 18% while decreasing Mg, Fe, Al and Cu by 26, 31, 37 and 21 %, respectively (Table 5 ) (P<0.10).
Interaction of glucose with soil type was significant for N, P, and Mn in the first above-ground biomass harvest (Table 4) Interaction of residue with soil type was significant for N and B in the first above-ground biomass harvest and Mo in last above-ground biomass harvest (Table 4) .
Addition of residue increased Mo concentration sig-
nificantly in the last above-ground harvest of ryegrass grown in the Hoytville soil only (Table 4) . Interaction of glucose with gypsum for Mg was significant in the below-ground harvest (Table 5) . Addition of gypsum alone or in combination with glucose (Table 5 ). The addition of gypsum in both soil types increased Ca and S significantly as compared to their untreated controls (Table 5) .
Independent Variables
Dependent Variables Table 5 . Effect of treatments and their significant interactions on nutrient concentrations in below-ground biomass.
a Means in a column for an independent variable that are followed by the same letter or no letter are not statistically different at the P<0.10 level of significance. When no values are shown, this indicates there was no significant interaction effect.
Discussion
Soil properties
The two soil types resulted in significant differences in various soil nutrient concentrations and their uptake by ryegrass. The amendments added to soil also caused differences in soil and plant parameters measured. For example, addition of plant residues increased soil N significantly due to release of N upon decomposition of residues in soil. However, addition of gypsum reduced the concentration of soil N significantly which was attributed to displacement of NH 4 + from exchangeable sites by Ca 2+ supplied by the gypsum addition. Glucose addition lowered the soil pH significantly in the lower layers. Increased soil pH values with addition of residues were attributed to the release of basic cations during position (Pocknee and Sumner, 1997) . Soil properties such as moisture content, texture, pH, available N, and indigenous organic matter have great impacts on the decomposition of organic matter (Jarvis et al., 1996) and thus on soil pH changes. Increasing the acidity of layers with addition of organic matter has been usually found below 10 cm due to the downward movement of H + (Williams, 1980) . Addition of gypsum increased soil pH only in the lowest soil layer i.e. 25-40 cm. Soil pH may increase after gypsum application due to the displacement of Al 3+ and H + from the cation exchange sites, which are then rapidly leached from the soil due to the presence of Ca 2+ (Alva et al., 1988) .
Addition of residue and gypsum alone or in combination also increased soil pH significantly as compared to the untreated control, due to release of cations upon decomposition of residue or dissolution of gypsum.
Soil chemistry and nutrient concentrations in perennial ryegrass as influenced by gypsum
Interaction of gypsum with soil types was significant and addition of gypsum in Hoytville soil increased soil pH significantly in all soil layers as compared to
Hoytville control. This is attributed to displacement of two H + from exchange sites with one Ca 2+ supplied from gypsum addition. However, this reaction seemed to be only important in the Hoytville soil due to high clay content associated with its finer texture that held more H + that could then be displaced by Ca and thus increased soil pH.
Increased Bray P-1 levels with residue addition was due to P being applied to soil from residue and also from P fertilizer applied to all soil columns. Similar results of significant increases in organic C and N, and available P and K were also observed with the addition of crop residue in conjunction with NPK fertilizers in the 0-15 and 15-30 cm soil layers as compared to the control (Walia et al., 2010) . However, addition of glucose decreased Bray P-1 in the deepest layer due to significant loss of P in leachate as addition of glucose increases microbial activity, and solubilization of P. There are numerous reports of soil microorganisms that can solubilize mineral P (Alexander, 1977) .
In contrast, gypsum reduced Bray P-1 by 40% in the top layer of soil. These results suggested that gypsum stimulates the formation of less soluble Ca-P compounds by reacting with readily available soil phosphorus (Favaretto et al., 2006) .
Exchangeable K levels increased in soil with addition of residues. This resulted from addition of K in the crop residues that had a K concentration of 8560 mg kg -1 (Table 2) . If crop uptake of K occurs and these residues are removed from soil before they can be decomposed, there is a decrease in exchangeable K (Janssen and Whitney, 1995) . The reduced K concentration in soil from gypsum treated soil columns was attributed to displacement of K + by Ca 2+ from exchangeable sites. In contrast to the gypsum effect on K concentrations, gypsum increased soil exchangeable Ca 2+ in all soil layers. Gypsum is considered a moderately soluble source of Ca and the Ca in gypsum can be translocated downward into the soil profile (Farina et al., 2000b; Toma et al., 1999) .
Exchangeable Mg in soil was decreased significantly with gypsum additions. The Ca in the gypsum displaced Mg from exchangeable sites. These results suggest that Mg may need to be monitored after gypsum application to maintain an adequate Mg fertility level, especially in sandy soils (Sumner, 1993) . Other studies with gypsum amendment to soil subjected to leaching have also demonstrated reductions in exchangeable Mg, mainly in the upper part of the profile (Farina et al., 2000b; Toma et al., 1999; Shainberg et al., 1989) . The interaction of gypsum with soil types significantly affected uptake of K, Ca, Mg, and S in roots.
For example, the increased Ca from gypsum addition replaced Mg from exchange complex in the soil solution and was then lost by leaching, thus reducing Mg uptake. This effect of gypsum on Mg uptake for plants growing in the Hoytville soil was greater compared to the Wooster soil. It is commonly known that the uptake of Mg is strongly influenced by the availability of other cations like Ca and K (Römheld and Kirkby, 2007) . The significant reduction in Al concentrations in roots was attributed to increased Ca levels with gypsum addition on exchangeable sites and to positive competition for uptake between Al and Ca. This is consistent with reports of decreased concentrations of Al in soil by gypsum application (Shainberg et al., 1989) . FGD gypsum can ameliorate the phytotoxic conditions arising from excess soluble aluminum in acid soils by reacting with Al 3+ and forming aluminum sulfate, thus removing it from the soil solution and greatly reducing its toxic effects (Shainberg et al., 1989) . By over¬coming the effects of subsurface aluminum toxicity, gypsum can improve deep rooting and increase crop uptake of water and nutrients from subsoil layers. This is especially important in the dry season of arid areas, and a positive response to FGD gypsum is often greatest in moisture stress conditions (Chen and Dick, 2011) . (Kaiser et al., 2005) .
In alkaline soils, Mo becomes more soluble and is accessible to plants mainly in its anion form as MoO 4 -.
Conclusions
Addition of crop residues improved soil chemical properties and increased nutrient uptake by ryegrass, but the changes were not always statistically significant. Soil chemical properties improved by residue addition were increased total N, pH, Bray P-1 and exchangeable K and Mg. Glucose addition did not improve the availability and uptake of macro-and micronutrients except for Mo uptake that was increased.
Gypsum increased soil pH in deeper layers and exchangeable Ca in all soil layers, and increased Ca and S uptake into plants indicates gypsum is an excellent source of these nutrients. Bray P-1 decreased in the surface (0-2 cm) soil layer with addition of gypsum and thus gypsum amendment can have beneficial environmental impacts because release of soluble P to water is a major cause of eutrophication. Uptake of Mg and Al by ryegrass decreased due to abundance of Ca. The aboveground biomass was not significantly affected by addition of residue, glucose, and gypsum.
Addition of residues and gypsum, apart from improving soil properties, can result in better crop nutrition and these amendments can contribute towards improving soil and crop quality.
